Polyadenylate-containing RNA prepared from the membrane fraction of bovine anterior pituitary gland was shown to direct the synthesis of a large translation product related to corticotropin (adrenocorticotropic hormone) in a cellfree system derived from wheat germ. This product was identified by immunoprecipitation with specific antibody against corticotropin, followed by electrophoretic analysis of the dissociated immunoprecipitate on sodium dodecyl sulfate-polyacrylamide gel. Further evidence for the identity of the translation product was provided -by the presence of a common peptide in the chymotryptic digest of [35S]methionine-labeled cell-free product and in that of authentic corticotropin. The molecular weight of the translation product was estimated to be approximately 35,000, based on sodium dodecyl sulfatepolyacrylamide gel electrophoresis. These results indicate that corticotropin messenger RNA directs the cell-free synthesis of a product that contains the amino acid sequence of corticotropin but is much larger than this hormone.
cell-free product and in that of authentic corticotropin. The molecular weight of the translation product was estimated to be approximately 35,000, based on sodium dodecyl sulfatepolyacrylamide gel electrophoresis. These results indicate that corticotropin messenger RNA directs the cell-free synthesis of a product that contains the amino acid sequence of corticotropin but is much larger than this hormone. Recent studies on a variety of endocrine peptides have indicated that the primary gene products differ significantly from the known peptide hormones (1) (2) (3) (4) (5) (6) (7) . These peptides appear to be initially synthesized from larger precursors, which are then converted to their respective peptides by post-translational cleavage. Although the functions of the precursors are not always clear, they may facilitate the intracellular transport of the protein or facilitate the folding of the protein into the proper conformation (1) . Alternatively, they may exist as biologically inactive storage forms to regulate the production of their final active species (1) .
Corticotropin (adrenocorticotropic hormone, ACTH), which is synthesized in the anterior pituitary gland, is a single polypeptide consisting of 39 amino acids (8) . Evidence has been presented to indicate that multiple molecular forms of ACTH exist in pituitary extracts of many different animals, suggesting that ACTH is initially synthesized as a large precursor molecule (9) (10) (11) (12) . However, the higher-molecular-weight forms have not yet been well characterized.
In an attempt to demonstrate the initial, direct product of the translation of mRNA coding for ACTH, we initiated studies on the translation of this mRNA in a heterologous cell-free system. The present paper describes evidence indicating that ACTH mRNA is translated in wheat germ extracts into a product that contains the amino acid sequence of ACTH but is much larger than this hormone.
Abbreviations: ACTH, corticotropin (adrenocorticotropic hormone); ACTH, synthetic peptide with the 1-24 amino acid sequence of ACTH; (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) ACTH, synthetic peptide with the 2-18 amino acid sequence of ACTH and glycine at the amino terminus; IgG, immunoglobulin G; NaDodSO4, sodium dodecyl sulfate.
MATERIALS AND METHODS
Preparation and Characterization of Antibody. Rabbit antiserum against ACTH was prepared by repeated immunization either with porcine ACTH or with synthetic (1-18) ACTH covalently bound to bovine serum albumin as described (13); (1-18)ACTH refers to synthetic peptide with the 2-18 amino acid sequence of ACTH and glycine at the amino terminus. Control sera were obtained from nonimmunized rabbits. Antisera against ACTH, control sera, and goat antisera against immunoglobulin G (IgG) were subjected to ammonium sulfate precipitation at 40% saturation (14) , and the gamma globulin fractions obtained were further purified by being passed through a column of DEAE-cellulose by a described procedure (15) . The specificity of the preparations of anti-ACTH was determined by specific radioimmunoassay by the method of Berson 25 mM NaCl, 5 mM MgGI2, 0.1% diethylpyrocarbonate, and 0.1 mM cycloheximide]. The homogenate was centrifuged at 1000 X g for 10 min, and the supernatant was further centrifuged at 27,000 X g for 15 min. The resulting supernatant was used for the isolation of RNA from the post-membrane fraction (see below). RNA from the membrane fraction was prepared from the 27,000 X g pellet as follows. To this pellet, resuspended in 60 ml of buffer A, sodium deoxycholate and Triton X-100 were added at a final concentration of 1% each. After homogenization with a motor-driven Teflon-glass homogenizer, the suspension was clarified by centrifugation at 10,000 X g for 10 min. From this supernatant, RNA was extracted by sodium dodecyl sulfate (NaDodSO4)-phenol-chloroform-isoamyl alcohol treatment, and poly(A)-containing RNA was prepared by oligo(dT)-cellulose chromatography essentially as described (17) . Poly(A)-containing RNA from the post-membrane fraction was prepared by the same procedures, except that the 27,000 X g supernatant was immediately subjected to NaDodSO4-phenol-chloroform-isoamyl alcohol treatment. Poly(A)-containing RNA from rat liver was prepared similarly with some modifications. Rat livers were homogenized in 20 volumes of 10 mM Tris-HCl (pH 7.5) containing 0.1 M NaCl, 1 mM EDTA, and 0.5 mg/ml of sodium heparin. The whole homogenate was subjected to NaDodSO4-phenol-chloroform-isoamyl alcohol treatment. The RNA pellet obtained by cold ethanol precipi-tation was freed from DNA by washing with 2 M LiCi (18) .
RNA from tobacco mosaic virus was prepared as described (19) . RNA concentrations were determined by assuming an A" of 250.
Assay of Protein Synthesis. Wheat germ extracts were prepared as described (20) , except that the volume of buffer used for extraction was halved and the preincubation was omitted. The reaction mixture (total volume, 50 Ml) contained 20 mM N-2-hydroxyethylpiperazine-N'-2'-ethanesulfonate (pH 7.9), 1 mM magnesium acetate, 60 mM KC1, 2 mM dithiothreitol, 0.7 mM spermidine, 1 mM ATP, 20 Mg/ml of RNA, and 200 Ml/ml of wheat germ extract, unless otherwise specified. After incubation at 25°for 90 min, trichloroacetic acid-insoluble radioactivity was determined as described (5) .
Immunoprecipitation of Cell-Free Products. The reaction mixture for protein synthesis was scaled up 5-to 15-fold, and the reaction was terminated by the addition of 11 volumes of 50 mM Tris-HCI (pH 7.7) containing 0.15 M NaCl, 2% Triton X-100, and 10 mM nonradioactive leucine. The diluted sample was then centrifuged at 145,000 X g for 60 min, and the supernatant (post-ribosomal supernatant) was collected. A portion (50 Ml) of this supernatant was used to determine trichloroacetic acid-insoluble radioactivity as described above. For immunoprecipitation, 21 Mg [measured by A280 (21)] of anti-ACTH or control IgG was added to 0.6 ml of the post-ribosomal supernatant. The mixture was incubated at 250 for 60 min and was allowed to stand at 40 for 6-10 hr. Then, 280 Mg of goat anti-IgG was added, and the mixture was stored at 40 overnight. The resulting immunoprecipitate was washed twice by the procedure essentially identical to that of Maurer et al. (6) . The washed precipitate was analyzed by NaDodSO4-polyacrylamide gel electrophoresis (see below) or was dissolved in 0.2 ml of NCS solubilizer and assayed for radioactivity in 5 ml of scintillator solution (4 g of 2,5-diphenyloxazole and 0.1 g of 1,4-bis-[2-(5-phenyloxazolyl)]benzene per liter of toluene) with a liquid scintillation spectrometer. The values given for radioactivity in the immunoprecipitate are the average of two determinations whose difference was less than 10%. NaDodSO4-Polyacrylamide Gel Electrophoresis. To solubilize immunoprecipitates, the suspension (20 Ml) was mixed with 20 Ml of a solution containing 1.8% NaDodSO4, 7.2 M urea, and 1.4 M 2-mercaptoethanol, and the mixture was heated in a boiling-water bath for 3 min. Each sample, mixed with 5 Ml of 0.1% bromphenol blue, was analyzed on 10% polyacrylamide gel containing 0.1% NaDodSO4 as described (22) . Electrophoresis was conducted at 4.3 V/cm and room temperature for approximately 6 hr. Gels were sliced into 2-mm sections. The individual slices were placed in scintillation vials, dried at 80°, and incubated with 0.3 ml of 30% H202 at 80°until they were completely solubilized. After addition of 0.4 ml of water and 5 ml of the scintillator solution of Patterson and Greene (23) , radioactivity was determined with a liquid scintillation spectrometer. Molecular weights of radioactive polypeptides were estimated by comparison with marker polypeptides run on a parallel gel.
Analysis of Chymotryptic Peptides. The reaction mixture for protein synthesis, scaled up 20-fold, contained 100 MCi of [5S]methionine (specific radioactivity, 300 Ci/mmol) instead of [3H]leucine. The labeled immunoprecipitate was subjected to gel electrophoresis as described above. The gel was cut into 2-mm slices, and the individual slices were eluted with distilled water as described (24) . A 0. 15-ml aliquot of each eluate was assayed for radioactivity in the scintillator solution of Patterson and Greene (23) to locate the fractions containing the labeled product. These fractions were combined and centrifuged at 105,000 X g for 60 min to remove the residual gel. The supernatant was lyophilized, and the residue was dissolved in 1 ml of 0.1 M NaOH. This solution received 0.5 mg of (1-24)ACTH as carrier; (1-24)ACTH refers to synthetic peptide with the 1-24 amino acid sequence of ACTH. Then, trichloroacetic acid was added in a final concentration of 10%, and the resulting precipitate was collected by centrifugation, washed twice with acetone-diethyl ether (1:1, vol/vol), and air-dried. The residue was dissolved in 0.2 ml of 0.1 M NaOH, and the solution was neutralized with 1 M acetic acid and mixed with 0.4 ml of 0.3 M ammonium acetate (pH 9.0). The mixture received 20,Mg of a-chymotrypsin (EC 3.4.21.1) and was shaken at 400 for 16 hr. The reaction was terminated by heating in a boiling-water bath for 5 min. The mixture was lyophilized, and the residue, dissolved in distilled water, was electrophoresed on Whatman 3MM paper at 25 V/cm for 2 hr with pyridine-acetic acidwater (1:10:89, vol/vol; pH 3.5) (8) as running buffer. After drying, the paper was subjected to ascending chromatography in n-butanol-pyridine-acetic acid-water (30:20:6:24, vol/ vol/vol) (8) . The dried paper was exposed to x-ray film for 8 days and sprayed with ninhydrin to locate the peptides derived from the carrier (1-24)ACTH. The amino acid composition of peptides was determined with a JEOL amino acid analyzer (Tokyo, Japan). (13) . Therefore, in order to identify the cell-free product containing a structural component identical with ACTH, it would be advantageous to use several preparations of anti-ACTH, each of which is directed to different amino acid sequences of the ACTH molecule.
Two different preparations of anti-ACTH were used in the present investigation. One of these preparations, which is designated as anti-(19-24)ACTH, was obtained from a rabbit immunized with porcine ACTH. The specificity of this antibody is shown in Fig. 1 In order to detect the labeled material containing a structural component identical with the ACTH molecule, the cell-free translation product was subjected to indirect immunoprecipitation by incubation with anti-(19-24)ACTH and then with anti-IgG. The amount of radioactivity in the immunoprecipitate was determined. As shown in Fig. 2 , the radioactivity precipitated by anti-(19-24)ACTH was distinctly higher than that precipitated by control IgG. The observed difference in radioactivity was dependent on the concentration of RNA added. In contrast, no such difference was noted when protein synthesis was carried out either in the absence of added RNA or in the presence of poly(A)-containing rat liver RNA.
The immunoprecipitate formed by incubation with anti-(19-24)ACTH was analyzed by electrophoresis on NaDodSO4-polyacrylamide gel. The results of this analysis, presented in Fig. 3A , exhibited two prominent radioactivity bands, which migrated with mobilities corresponding to molecular weights of approximately 35,000 and 22,000. Evidence indicating that the slowly moving material is immunologically related to ACTH, while the fast moving material results from coprecipitation of nonspecific proteins, was provided by the following experiments. First, the immunoprecipitate formed by incubation of the same translation product with control IgG did not show the slowly moving radioactivity band but only the fast moving band, which contained an amount of radioactivity similar to that observed with the immunoprecipitate formed by anti-(19-24)ACTH. Second, the slowly moving radioactivity band was completely abolished by prior addition of an excess amount of (1-24)ACTH to the translation product but not by the addition of excess (1-18)ACTH. In contrast, the fast moving radioactivity band was not affected by the addition of either (1-24)ACTH or (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) ACTH. Finally, analysis of the total translation product by NaDodSO4-polyacrylamide gel electrophoresis yielded one major radioactivity band which migrated with a mobility identical with that of the fast moving radioactivity band derived from the immunoprecipitates (Fig.  3B) .
In the experiment shown in Fig. 3C , the immunoprecipitate that was formed by the addition of anti- (19) (20) (21) (22) (23) (24) ACTH to the translation product yielded in the presence of poly(A)-containing rat liver RNA or without addition of exogenous RNA was analyzed by NaDodSO4-polyacrylamide gel electrophoresis. No conspicuous radioactivity band was noted at the position corresponding to the polypeptide of molecular weight 35,000. This indicates that the material that has an antigenic determinant identical with that of ACTH is a specific translation product of pituitary RNA. The conclusion that the translation product with a molecular weight of 35,000 contains a structural component identical with the ACTH molecule was strengthened by the use of another preparation of anti-ACTH, which is directed to the 1-18 amino acid sequence of ACTH. As shown in Fig. 4 , NaDodSO4-polyacrylamide gel electrophoresis of the immunoprecipitate resulting from the reaction of anti-(1-18)ACTH with the translation product likewise revealed two prominent radioactivity bands with mobilities consistent with molecular weights of approximately 35,000 and 22,000. As expected, the slowly moving radioactivity band was completely abolished by the addition of excess (1-18)ACTH prior to incubation with anti-(1-18)ACTH.
The possibility that the large size of the observed cell-free product immunologically related to ACTH might be due to association with tRNA or a tRNA fragment was investigated by incubating the translation product under conditions designed to degrade RNA and then analyzing it by NaDodSO4-polyacrylamide gel electrophoresis. The mobility of the slowly moving radioactivity band was not altered by treatment with RNase or with KOH.
Identification of Labeled Chymotryptic Peptide. Since the (26) .
Eipper and Mains (12) have recently reported that an extract of mouse pituitary gland contains three distinct forms of ACTH, the molecular weights of which are 20,000-30,000, 6,500(-9,000, and 4,000-5,500, based on gel filtration and polyacrylamide gel electrophoresis in the presence of denaturing solvents. It seems, therefore, that the cell-free translation product containing the amino acid sequence of ACTH is slightly larger than the largest form of ACTH observed in mouse pituitary gland. Recently, several large products have been shown to be synthesized in the wheat germ system supplemented with mRNAs coding for various secretory proteins (2) (3) (4) (5) (6) (7) (27) (28) (29) . Since the extra portion of these cell-free products consists of a common sequence containing many hydrophobic amino acids at the amino terminus, it has been proposed that the large precursor molecules function to facilitate the transport of secretory proteins through the membrane (27) (28) (29) (30) . Similarly, the large cell-free product of ACTH may represent the initial precursor that is rapidly converted to the large or 
